Introduction
Many quantitative studies [1] [2] [3] [4] [5] [6] have been conducted on the regulatory mechanism of carbohydrate metabolism in various mammalian tissues to date. With regard to glycolysis, in particular, BALDWIN et al. [7] analyzed enzyme activity in the skeletal muscles of rats during exercise and EDINTON et al. [8] reported on the quantities of metabolic flux obtained from the metabolic intermediates of glycolysis. JOSEPH and SUBRAHMANYAM [9] investigated the effects of hormones on carbohydrate metabolism in kidneys. In oral tissues, ROSETT et al. [10] and SIMPSON [11] reported enzyme patterns based on an evaluation of enzyme activities associated with glycolysis in gingiva, but they neither distinguished between forward and reverse reactions in the metabolic pathways nor described the methods used to determine enzyme activity in detail. Recently, SIQUARA-DA-ROCHA and NICOLAU [12] biochemically studied the metabolic activities of porcine dental pulp in different phases of root development. These studies, however, dealt with those enzymes known as metabolic pathway marker enzymes and it is not clear whether or not fluctuations in enzyme activity truly reflected those of the glycolytic and gluconeogenic pathways. Therefore, it is necessary to obtain findings by quantifying the multiple reactions of those enzymes which constitute the metabolic pathways. Consequently, we decided to attempt to quantify the metabolic flow and disclose the regulatory system of carbohydrate metabolism in rabbit masseters.
It is the purpose of this paper to reveal the respective enzyme patterns of both the glycolytic and gluconeogenic pathways of rabbit masseters. So, conditions for the measurement of the activity levels of 15 enzymes involved in the glycolytic and/ or glyconeogenic reactions were examined for concentrations of substrates, coenzymes, effectors and auxiliary additions. In addition, the effects of the buffers in the reaction mixture on the specific activity of each enzyme were compared for four different reagents at pH 7.4, to enable the enzyme patterns of both the glycolytic and gluconeogenic pathways to be determined in detail. Finally, the effects of various pH values on the enzyme patterns obtained above were demonstrated with the buffer triethanolamine.
Materials and Methods
Materials-Albino rabbits of both sexes weighing about 2 kg each were used Department of Biochemistry, Nihon University School of Dentistry, 1-8-13, Kanda Surugadai, Chiyoda-ku, Tokyo 101 Japan. in this study. The heads were stored frozen until use and employed within 5 days. Fragments of the masseters were obtained from the jaws with a surgical knife. For homogenization the fragments were cut and minced with a razor on a glass-plate set on ice.
seters (wet weight: 200 mg) were homogenized in 2 ml of 0.15 M KCl solution in a glass homogenizer and then centrifuged natant was diluted with 5.0 mM of the buffer triethanolamine (pH 7.4), in order to obtain solutions of various appropriate concentrations. These were used as enzyme preparations for enzyme assays and protein determinations. the enzyme assays, except for glucose 6-phosphatase, were systematically coupled to systems involving the oxidation of NADH or the reduction of NAD (or NADP) and enzyme activity measurements were made using the fluorometrical method of LOWRY et al. [13] . In general, the reaction mixtures contained a buffer (at pH 7.4), substrate, coenzyme, effectors, auxiliary additions and the preparation in a final volume of 0.4 ml. The reactions were allowed to proceed at 37°C for 30 min. and were then terminated by the addition of 0.4 ml of 10% perchloric acid (in the oxidation of NADH) or by the addition of the same volume of 0.15 N NaOH (in the reduction of NAD or NADP). After termination, in the case of the former, the solution was left at room temperature for 15 min__ while in the case of the latter the solution was heated to same period. Then, 2.0 ml of 10 N NaOH containing 0.01 % hydrogen peroxide was added and the solutions were reincubated for 1 hr. The fluorescence originating from the NAD or NADP, which was formed as a result of enzyme reaction or was transformed from a reaction product by the activity of the auxiliary enzyme and/or the subsequent treatment, was uniformly measured with a fluorescence spectrophotometer* at an excitation wavelength of 365 nm and an emission wavelength of 470 nm. The activities of phosphoenolpyruvate carboxykinase and pyruvate carboxylase were measured by the above-mentioned method with some modifications to eliminate the interference of malate dehydrogenase and lactate dehydrogenase, respectively. Glucose 6-phosphatase activity was determined with glucoseoxidase-peroxidase according to the method of BERGMEYER and BERNT [14] , using a spectrophotometer** at 535 nm. One unit of enzyme activity was defined as the amount of enzyme required to convert 1.0 !Imo' of substrate to product
Protein determination-Protein concentration was determined according to the method of LOWRY et al. [15] , using crystalline bovine serum albumin as a standard. Reagents Hitachi/650-10M fluorescence spectrophotometer, Japan Hitachi/100-20 spectrophotometer, Japan ammonium salt of diethylacetal. The compound was dissolved in 0.9 ml of distilled water, then 0.1 ml of 20 N H9S0d was added to obtain 1.0 ml of solution. This was for 2 min. to cause hydrolyzation. After cooling, the solution was adjusted to pH 7.0 by the cautious addition of solid NaHCO3. Dihydroxyacetone phosphate, obtained as the dicyclohexylammonium salt of dimethylketal, was also prepared in the same way. Each concentration was enzymatically determined and freshly prepared solutions were used directly. 1,3-Bisphosphoglycerate, for the assay on glyceraldehyde-phosphate dehydrogenase activity in the gluconeogenic reaction, was enzymatically prepared from 3-phosphoglycerate with commercially purified phosphoglycerate kinase. Its concentration was separately determined by the use of commercially purified glyceraldehyde-phosphate dehydrogenase and the freshly prepared solution was used promptly. The units of the commercially purified enzymes employed as auxiliaries were determined one by one, according to the manufacturer's instructions. All reagents were of the best commercially available grade. The effects of different concentrations of the essential and auxiliary components on each reaction velocity were tested for individual enzyme reactions in the presence of 50 mM of the buffer triethanolamine (pH 7.4). In order to determine the specific activity of each enzyme a concentration of each component, at which the enzyme activity was saturated, was individually chosen from each plot. Using these concentrations, the measured velocity was then found to be directly proportional to the amount of enzyme. As to activators, coenzymes and auxiliary enzymes coupled to assay systems, a large excess of concentration was chosen in order to ensure the maximum velocity possible. The resulting concentrations of all the components are shown in Table 1 for the glycolytic pathway and in Table 2 for the gluconeogenic pathway. When commercially purified glucose 6-phosphate dehydrogenase was employed for the assay of enzyme activity, such as glucose 6-phosphate isomerase, fructose 1,6-bisphosphatase and aldolase, enzyme activity was likely to be overestimated because of the existence in the preparations of phosphogluconate dehydrogenase. For the measurement of such enzyme activity a large excess of commercially purified phosphogluconate dehydrogenase was further added to the reaction mixture (according to GLOCK and MCLEAN [16] ), and the acutal activity level of the enzyme was evaluated as 50% of the total measured activity. The concentration of glucose 6-phosphate (as substrate for glucose 6-phosphatase) was set at 5.0 mm, as shown in Table 2 . The concentrations of each component for phosphoenolpyruvate carboxykinase and pyruvate carboxylase were chosen in accordance with the conditions reported by MAXWELL and RAY [17] and by SCRUTTON et al. [18] , respectively.
Effects of buffers on enzyme activity-Prior to the establishment of enzyme patterns on the glycolytic and gluconeogenic pathways, the effects of the buffers Table 1 Conditions for measurements of enzyme activity in the glycolytic pathway (at pH 7.4) on each enzyme activity were compared for four different reagents: Triethanolamine, imidazole, HEPES and Tris. The relative activities resulting from each enzyme are shown in Table 3 . From Table 3 , it can be seen that there were only fairly small differences among the effects of the buffers triethanolamine, imidazole, HEPES and Tris on enzyme activity. But the activity of triosephosphate isomerase (related to the gluconeogenic reaction) was much higher in the triethanolamine buffer than in the Tris buffer. Enzyme patterns on the glycolytic and gluconeogenic pathways-The glycolytic and gluconeogenic enzyme patterns of rabbit masseters at pH 7.4 were established using buffers which gave the highest specific activities of each enzyme. Table 4 shows the overall enzyme pattern which resulted in glycolysis. As shown in Table 4 , the activities of glucose 6-phosphatase, phosphoenolpyruvate carboxykinase and pyr- Table 2 Conditions for measurements of enzyme activity in the gluconeogenic pathway were remarkably stimulated by increases in pH.
Discussion
Glycolysis is one of the basic pathways of carbohydrate metabolism. It is the direct pathway of energy generation. Especially in muscle, where the supply of oxygen is insufficient, glycolysis is an important process for the acquisitions of energy. The enzyme patterns for glycolysis were quantitatively investigated in various tissues and the metabolic flow and regulatory mechanism, characteristic of or common to each tissue, were revealed [19] [20] [21] [22] [23] [24] [25] [26] . In this paper, the enzyme pattern of glycolysis in rabbit masseters was established on both the glycolytic and gluconeogenic pathways as the first step toward the quantitative elucidation of glucose metabolism. The effects of buffers on enzyme activities are widely known but have been given little attention in previous studies [8, 19, [22] [23] [24] . Therefore, with pH values of the reaction mixtures set at pH 7.4 for this study, comparisons of each enzyme activity were made with four different buffers: triethanolamine, imidazole, HEPES and Tris. In the glycolytic pathway, it was observed that the HEPES buffer caused a decline in enolase activity, but the activity levels of the other enzymes were in the same range with four buffers. On the other hand, in the gluconeogenic pathway a difference was especially striking in the case of triosephosphate isomerase. Thus, the results suggest that the buffer used for the assay may exert a potent influence on enzyme patterns as a whole. In the present paper, enzyme patterns were determined, in each case, by using the buffer which gave the highest activity when each enzyme activity was measured.
From the features of enzyme patterns in rabbit masseters the activity levels of hexokinase and 6-phosphofructokinase were extremely low and the reactions due to these enzymes were inferred to be the rate-limiting steps in glycolysis. Finally, the effects of pH on the enzyme patterns of glycolysis were examined with the buffer triethanolamine at pH values between 6.6 and 8.2. In the glycolytic pathway a specific "crossover" [20] point was found between the activities of glyceraldehyde-phosphate dehydrogenase and phosphoglyceromutase in response to an elevation in pH values. At acidic pH values the glucose consumption was limited markedly because the activities of hexokinase, glucose 6-phosphate isomerase and 6-phosphofructolinase were low. This result supports the findings of a reduction in reaction products in human erythrocyte glycolysis [261.
In the gluconeogenic pathway the elevation of pH caused the activities of glucose 6-phosphate isomerase, glyceraldehyde-phosphate dehydrogenase and lactate dehydrogenase to be greatly stimulated. It is possible to speculate, therefore, that fructose 1,6-bisphosphate, 1,3-bisphosphoglycerate and 3-phosphoglycerate may accumulate with increases in pH. This is in agreement with the findings derived from the measurements of intermediate levels in erythrocyte glycolysis [27] .
Conclusions
The specific activities of each glycolytic enzyme, in crude preparations from rabbit masseters, were systematically evaluated on the glycolytic and gluconeogenic pathways under the assay conditions of maximum velocities of each enzyme. As a result, the enzyme pattern of glycolysis in rabbit masseters was revealed.
The differences of each enzyme activity tested in triethanolamine, imidazole, HEPES and Tris buffers were found to bring about a respectable change in enzyme pattern due to the kind of buffer used in the assay mixture.
The enzyme patterns at pH 7.4 suggest as follows : The reaction due to hexokinase and 6-phosphofructokinase activity might be the rate-limiting steps in glycolysis; there was no capability for gluconeogenesis in rabbit masseters .
The effects of various pH levels on enzyme patterns revealed that the overall glycolysis might be accelerated by alkaline pH conditions and conversely restricted by acidic pH conditions.
